v-A frameless stereotactic device interfacing an electromagnetic three-dimensional (3-D) digitizer to a computer workstation is described. The patient-image coordinate transformation was found by retrospectively registering a digitizer-derived model of the patient's scalp with a magnetic resonance (MR) imaging-derived model of the same surface. This procedure was performed with routine imaging data, eliminating the need to obtain special-purpose MR images with fiducial markers in place. After patient-image fusion was achieved, a hand-held digitizing stylus was moved over the scalp and tracked in real time on cross-sectional and 3-D brain images on the computer screen. This device was used for presurgical localization of lesions in 10 patients with meningeal and superficial brain tumors. The results suggest that the system is accurate enough (typical error range 3 to 8 ram) to enable the surgeon to reduce the craniotomy to one-half the size advisable with conventional qualitative presurgical planning.
D
URING the last 20 years, there have been dramatic advances in the technology for brain imaging. Magnetic resonance (MR) imaging and x-ray computerized lomography (CT) produce cross-sectional images of brain anatomy with high contrast and submillimeter resolution. Single photon emission computerized tomography and positron emission tomography create maps of regional metabolism and other aspects of brain function. The acquired cross sections can be manipulated with image processing and computer graphic techniques in order to construct three-dimensional (3-D) multimodality computer models of a patient's brain. 1' 9 Physicians can interact with these models in "real time" to simulate or rehearse surgical procedures on the computer screen.~7 Unfortunately, this wealth of imaging information is used only qualitatively during most brain operations. A practical technique for performing quantitative imageguided surgery would bridge the gap between diagnostic imaging and treatment.
Conventional stereotactic frames 8 can be used to map points from preoperative images to the patient's actual anatomy. This method is quite accurate and is often applied to problems that require the highest precision, such as the guidance of biopsy tools, radiation implants, or wire electrodes through burr holes to small deep targets. However, frame-based stereotaxis is not routinely applied to more common but less exacting procedures, such as the resection of extra-axial, cortical, or subcortical tumors. This is because stereotactic frames are expensive and cumbersome to use. The frame must be bolted to the patient's head prior to the imaging study and then must be worn until the time of surgery. This type of invasive procedure may be inconvenient and even distressing for the patient. The patient must also bear the cost of special-purpose MR imaging after the frame is in place. The physician must cope with the logistics of attaching the frame and obtaining a repeat MR image of the patient just before the operation. Furthermore, the surgeon may find such a frame awkward to use since it requires a sequence of mechanical and computational steps to map every point between the images and the patient.
A number of groups 5"7'12"15-17"21"22 have developed accuracy will not be reduced by possible movements of the skin with respect to the skull. We describe our experience in applying this technique to phantoms, volunteers, and patients.
FIG. 1. Algorithm for frameless stereotactic procedures based on retrospective patient-image registration by surface matching. MR = magnetic resonance; MRI = MR imaging; 3-D = three-dimensional. frameless stereotaetic devices that circumvent some of these problems. These systems consist of 3-D digitizers interfaced to computer workstations. Three or more fiducial markers are attached to the patient prior to imaging and must be worn until the time of the surgical procedure, when their positions are digitized. Images are registered with the patient's anatomy by comparing the imaged and digitized coordinates of these markers. Any subsequently digitized point on the patient can be displayed instantly on a presurgical image shown on a computer screen. This procedure poses less problems for the patient than a frame-based stereotactic device since it is noninvasive and only requires the attachment of fiducial markers that can be glued to the skin. Also, a physician can use a frameless stereotactic system in an interactive real-time fashion; he/she simply aims the digitizing stylus at a point on the patient and it is mapped instantly to an image on the computer screen. On the other hand, since these frameless devices utilize fiducial markers to achieve patient-image registration, they suffer from some of the practical problems of frame-based systems. For example, the patient must still pay for a special imaging study with fiducial markers in place, and the physician must schedule this study close to the time of surgery so that the fiducial markers need not be worn too long. The use of cutaneous fiducial markers has another disadvantage since the skin can move over the skull when the patient is placed in a surgical head holder, thereby reducing the accuracy of subsequent patient-image registration.
This paper describes how frameless stereotactic procedures can be performed with a retrospective method of patient-image registration, based on a surface-fitting algorithm. Since fiducial markers are not used, routine images from any previous study ~ ~t8 can be registered with the patient's anatomy. Therefore, the patient and physician need not obtain a special-purpose imaging study, making the procedure less expensive and easier to arrange for routine neurosurgical procedures. Furthermore, since the new registration method is based on matching the general shape of the scalp surface between the images and the actual patient anatomy, its
Frameless Stereotactic Instrumentation Digitizer
Our approach to frameless stereotactic procedures is illustrated in Fig. 1 . Hardware consisted of a Polhemus electromagnetic 3-D digitizer interfaced to a Sun Microsystems computer workstation running UNIX, C, and X programs. The digitizer incorporated a transmitter, two sensors, and an electronics unit ( Fig. 2A) . When the operator depressed a footpedal or a command was sent by the host computer, the transmitter set up a lowfrequency electromagnetic field that induced a signal in each sensor. The output of each sensor and the known spatial configuration of the transmitter's field were used by the electronics unit to deduce the position and orientation of each sensor with respect to the transmitter. The six coordinates of each sensor (three translations and three rotations) were sent to the computer workstation, where they were processed by our own software. Our tests confirmed the manufacturer's assertion that the position and orientation of each sensor could be measured with accuracy better than 2 mm and 1 ~ respectively, as long as the sensor was less than 75 cm from the transmitter. However, large metal objects such as metal cabinets or tables must be kept several meters away lest they degrade the accuracy of the system by distorting the transmitter's field.
One sensor ( Fig. 2A ) was built into a hand-held digitizing stylus used to measure the coordinates of points on the subject's head. The other sensor (the "tracker") was attached to the subject's forehead with adhesive and was always activated at the same time as the stylus sensor. Our computer program calculated the position and orientation of the stylus in the coordinate system of the tracker using the simultaneously measured coordinates of the two sensors with respect to the transmitter. Since the tracker bore a fixed relationship to the subject's head, these transformed stylus coordinates were not affected by head movements; therefore, the subject's head did not have to be immobilized during the localization procedure.
Magnetic Resonance Imaging
Each subject was imaged in a whole-body 1.5-tesla MR imaging system,* using a volumetric gradient echo pulse sequence (FLASH technique 2) with TR 40 msec, TE 11 msec, and flip angle 40 ~ The imaging study lasted 10 minutes and depicted 63 contiguous sagittal sections (3 mm thick, 256 • 256 matrix of 1.2 mm pixels). The data were subjected to image processing and volume rendering manipulations ~~ to produce 3-D views of brain and skin surfaces at 45 ~ angular intervals in both "rotating" and "tumbling" orientations. (large arrow), a sensor built into a hand-held stylus (small arroug, and a second sensor (curved arrow) to track head movements.
These were connected to an electronics unit (not shown) interfaced to a computer workstation. The operator digitized 150 randomly-placed points on the surface of the plastic head phantom in order "to create a cloud-like "scalp" model. The crossshaped markers were used only to test the accuracy of the retrospective patient-image registration. B: The phantom-image coordinate transformation was found using a computer program for registering the digitizer-derived scalp model (yellow points) with a magnetic resonance (MR) imaging-deri~'ed scalp model (green contour.sg. C: In order to test the ability of the system to localize points on the skin, the center of each marker was digitized by touching it with lhe tip of the stylus. D: After the digitized point was mapped into the volume of the MR imaging data by the phantom-image coordinate transformation, it was displayed on an MR imaging-derived three-dimensional (3-D) rendition of the phantom (cross-shaped cursor). The 3-D image of the digitized marker is partially obscured by the cursor. E: In order to test the ability of the system to point at a distant target, the stylus was mounted coaxially in a syringe and the orientation of the stylus axis was digitized while the syringe tip touched the center of each target marker. F: The digitized orientation of the stylus was mapped into the volume of the MR imaging data by the phantom-image coordinate transformation. The intersection of that line and the phantom surface was displayed on the MR imaging-derived 3-D rendition of the phantom (cross-shaped cursor). The 3-D image of the target marker is partially obscured by the cursor.
Patient-hnage Registration
In order to register the MR images with the subject's anatomy (Fig. 1) , the digitizing stylus was used to measure the coordinates of 150 points that were evenly spaced over the subject's scalp surface. As explained above, these measurements were transformed into the coordinate system of the tracker fixed to the subject's head. Approximately 10 minutes were required to measure these points which constituted a cloud-like model of the scalp surface. A least-squares criterion was used to fit this model to a prism-like model of the subject's scalp, constructed by stacking scalp contours extracted from the previously obtained MR images. This surface-matching procedure, which is described in detail elsewhere, l~ was initiated by an operator who interactively "steers" the digitizer-derived scalp model into the vicinity of the MR imaging-derived scalp model simultaneously displayed on the computer screen. This determines an initial estimate of the nine-parameter transformation (three translations, three rotations, three scale factors) between the digitizer and image coordinate systems. The computer then modifies the transformation parameters in order to minimize a measure of the distance between the two representations of the scalp surface. This "distance" is taken to be the root mean square length of line segments connecting each digitizer point to the image-derived scalp surface along lines passing through the centroid of the digitizer-derived scalp model. After this 10-minute surface-matching procedure is performed, the resulting patient-image coordinate transformation was used to map the instantaneous position and orientation of the stylus to crosssectional and 3-D images of the subject.
Testing on a Phantom
These techniques were first tested on a plastic head phantom ( Fig. 2A) . Fifteen cross-shaped plastic markers with 5-mm "arms" were attached to the "skin." These were not used as fiducial markers during the registration procedure but merely served as well-defined landmarks for testing the accuracy of the retrospective registration method. The phantom was immersed in water enhanced with gadolinium (Gd)-diethylene triamine penta-acetic acid (DTPA) so that it was imaged as a negative defect. The resulting images were subjected to a gray scale inversion before image processing and 3-D rendering. As described above, the "cranial" surface of the phantom was then digitized to create a cloud-like "scalp" model which was retrospectively registered with an MR imaging-derived surface model (Fig. 2B) . The resulting phantom-image coordinate transformation was subsequently used to map the position and orientation of the digitizing stylus into the MR imaging coordinate system. In order to test the system's ability to localize surface points, the stylus tip was touched to the center of each cross (Fig. 2C) . The imaged position of the cross was then compared to the digitized position of the stylus tip after it was mapped into the MR imaging coordinate system and displayed on cross-sectional and/or 3-D images (Fig. 2D) . In order to test the system's ability to point at a distant target, such as a feature on the brain surface, the stylus was mounted coaxially in a plastic syringe, the tip of which was approximately 5 cm beyond the stylus tip (Fig. 2E) . As the tip of the syringe was moved over the phantom surface, the stylus coordinates were digitized and mapped into the MR imaging coordinate system. The intersection between the extrapolated stylus axis and the MR imaging-depicted phantom surface was displayed on cross-sectional and/or 3-D images of the phantom (Fig. 2F) . If there were no measurement or computational errors, this point should have coincided with the point on the phantom surface in contact with the syringe tip. The system's accuracy was tested by aiming the stylus at the center of each cross (touching each cross with the syringe tip) and comparing the imaged position of the cross with the displayed intersection between the stylus axis and phantom surface.
Testing on a Volunteer
A similar experiment was performed on a human volunteer. Eleven cross-shaped markers, visible on MR images, were attached to the scalp and upper face in order to provide well-defined landmarks for testing the system's localization of skin points. The volunteer underwent an MR imaging study, the results of which were subjected to image processing and 3-D rendering as described above. The head was digitized in order to create a cloud-like model of the scalp which was registered with an MR imaging-derived model of the same surface. We did not digitize soft parts of the head such as points below the level of the ears and eyes since these might be deformed differently at the times of imaging and digitization. After deriving the subject-image coordinate transformation, we digitized the center of each marker on the subject (Fig. 3 left) and transformed these points into the MR imaging coordinate system. The mapped points were compared with the imaged locations of the crosses (Fig. 3 right) .
Preliminary Clinical Testing
The same technique was used to perform neurosurgical planning for 10 patients scheduled to undergo brain or meningeal tumor resection. There were four men and six women aged between 23 and 74 years. Each patient had a small intracranial mass between 7 and 15 mm in size except for one larger (29-mm) lesion. The tumors were located in the frontal (seven cases), parietal (two cases), and occipital (one case) regions. Five of these masses were meningeal (four meningiomas and one metastasis) and five were intra-axial (four metastatic and one primary brain tumor). Four of the five intra-axial masses were in the cortex or superficial subcortical locations (within 1 cm of the brain surface). One intra-axial metastatic deposit was approximately 2 to 3 cm below the brain surface. Each patient underwent a routine MR imaging study, including the volumetric gradient echo pulse sequence described above. Images were obtained both before and after infusion of Gd-DTPA (0.1 mmol/kg) with the patient in the same position. No fiducial markers were used during the imaging study. On the day before K. K. Tan, et al. FtG. 3 . Testing the frameless stereotactic procedure on a volunteer. Left: The stylus was used to digitize the centers of skin markers, which were visible on magnetic resonance (MR) images. Right:Afterthedigitized point was mapped by the subject-image coordinate transformation, it was displayed on the MR imagingderived three-dimensional (3-D) rendition of the subject (cross-shaped cursor). The 3-D image of the digitized marker is partially obscured by the cursor.
surgery, each patient's scalp was digitized and registered with the MR imaging-derived scalp model as described above. The resulting patient-image coordinate transformation was used to map the position and orientation of the digitizing stylus onto cross-sectional and 3-D images. Using this display as a guide, the operator moved the stylus over the patient's scalp until it was pointing directly at the center of the mass and was oriented normally to the scalp surface. The skin at this point was marked with ink (Figs. 4 upper pair and 5 upper pair). On the following day, the patient was taken to the operating room, and this point was scored lightly with a needle just before sterile preparation of the scalp which removes the ink. During the craniotpray, this point was transferred to the brain surface along a line normal to the overlying scalp. As shown in
Figs. 4 lower and 5 lower, the predicted location of each lesion was compared with the actual position of the mass, if it was visible on the brain surface. This was the case with five meningeal tumors and one intra-axial mass. In four patients, whose subcorticai lesions were not visible from the surface, the predicted point on the overlying cortex was compared with the position of an ultrasound transducer which was oriented normally to the brain surface and pointing directly at the center of the mass.
Discussion

Estimated Accuracy of the System
In the first part of the phantom experiment, we determined the distance between the imaged center of each cross and the mapped position of the stylus tip when it was touching that cross. These distances were distributed with an average of 4 _+ 1 mm (_+ standard deviation). This result represents the average 3-D distance between each imaged cross and the calculated location of the stylus tip without constraining the latter to lie on the surface of the 3-D model. Therefore, this number indicates the overall accuracy of the digitization, registration, and imaging procedures. In the second part of the phantom experiment, we measured the distance between the imaged center of each cross and the intersection of the reconstructed phantom surface with the stylus axis after it was mapped into the MR imaging coordinate system. Since the stylus was actually aimed directly at the center of each cross from a distance of 5 cm, these measurements represented the discrepancies between the actual and apparent target points. These distances were distributed with an average of 3 _+ 2 mm. The error in this "pointing" experiment was less than the error in mapping the stylus tip because the calculated point was constrained to lie on the surface of the 3-D model in the former experiment but not in the latter one.
In the study of the volunteer, we measured the distance between the imaged center of each cross and the digitized position of the stylus tip after it was transformed into the MR imaging coordinate system. Since the stylus tip was actually touching the center of each cross, these measurements represented the discrepancies between the actual and apparent locations of the stylus tip on the skin surface. These distances were found to be distributed with an average of 8 _+ 2 ram.
In eight of the 10 patients studied, the brain surface point predicted to be closest to the lesion was separated by an average distance of 8 _+ 4 mm from the actual position of the lesion as defined by the center of each visible lesion or by the location of the ultrasound transducer. The average distance from the edge of each lesion was 3 mm. In the two other cases (both subcortical metastases), there was a 16-ram discrepancy due to an error in the program for displaying the tumor in the 3-D brain model, which was used to guide the stylus over the scalp. It is important to note that in many of these cases our preoperative localization enabled the neurosurgeon to make the craniotomy approximately onehalf the size of the incision that would have been made with conventional qualitative surgical planning. These Lower Left: At surgery, the predicted tumor location ("x") was found to be within the periphery of the mass (protruding nodule marked with arrow).
smaller craniotomies did not compromise the ability of the surgeon to perform the tumor resection. In all other cases, a craniotomy of the usual size was made in order to expose nearby structures such as the motor and sensory strips.
Sources ~f Error
The errors that we observed may have several origins. Even under the best conditions, the surface-matching technique of data registration can lead to discrepancies of 2 to 3 mm. ~ This error may be increased slightly by the intrinsic inaccuracy (2 ram) of the digitizer used to create one of the surfaces in this application. In addition, the localization of the lesion center in the image coordinate system may be compromised by the slice thickness (3 mm) and by distortions (1 to 2 mm) of the MR images due to susceptibility effects and gradient nonlinearities. Finally, errors can occur during the intraoperative comparison of the predicted and actual lesion locations. For example, an error of a few millimeters can occur when the predicted lesion location is transferred from the skin to the brain surface along a normal line to the scalp. Furthermore, the use of ultrasonography to localize the center of subcortical lesions may introduce an error of a few millimeters. Also, the entire brain may shift with respect to the skin when the dura is opened and cerebrospinal fluid leaks out.
Other Frameless Stereotacfic Devices
Several groups 5 r '~ '~-~ 7._~, _~_~ have developed frameless stereotactic devices, most of which utilize articulated arms as mechanical digitizers? '~ ~7._, . _~2 However, a few groups have experimented with digitizers based on ultrasonic ~5~6 (also RD Bucholz, unpublished data), optical (MP Heilbrun, RD Bucholz, unpublished data), and electromagnetic 7 emitters and detectors. Our use of retrospective patient-image registration is the biggest difference between our approach and these other efforts. All of the other devices achieve registration by imaging the patient with skin markers and by correlating the imaged and digitized coordinates of the fiducial markers at the time of surgery. In most cases, the patient is required to undergo a second imaging procedure. Furthermore, when the patient's head is held in place at the time of surgery, the skin (and fiducial markers) may be moved by an unknown amount with respect to the calvaria (and brain). This can compromise the accuracy of patient-image registration based on correlation of the markers. Our retrospective approach does not require that the imaging be repeated with markers, and it will not be affected by skin movements since they do not change the ellipsoidal shape of the scalp used to achieve registration. The devices based on mechanical digitizers also suffer from an inability to track patient head movements during the localization procedure. This means that the patient's head must be uncomfortably clamped, even during a presurgical planning session. Since our electromagnetic digitizer incorporates two sensors, it was easy to use one to monitor movements of the patient's head which was free to move at all times. On the other hand, electromagnetic digitizers have one major drawback: their accuracy may be cornpromised by the presence of large metal structures nearby (within 1 to 2 m). This sensitivity may make it impractical to use such devices in an operating room where the surgical table, lights, and other structures are close to the surgical field. Mechanical, optical, and acoustic digitizers can be used in the surgical suite without this problem, although the accuracy of the latter technology can be degraded by variations in the velocity of sound due to air currents and fluctuating air temperature. Therefore, although an electromagnetic device is well suited for presurgical planning, these other frameless stereotactic methods should be considered for intraoperative use. Our method of retrospective patientimage registration can be utilized with any type of digitizer.
Role of Frameless Stereotactic Procedures
The rapid development of imaging technology has created a wide gap between preoperative visualization of brain tumors and traditional techniques of surgical treatment. Although tumors are routinely imaged with a resolution of a few millimeters in 3-D, the imaging data are most often used qualitatively in planning and performing the actual surgery. A similar situation would prevail in an industry that utilized computer-assisted design technology but had not yet implemented computer-assisted manufacturing. In order to bring the full power of imaging to bear on treatment, it is necessary to register the patient's images with the actual anatomy. We have performed this type of patient-image fusion with a frameless stereotactic device that utilizes an electromagnetic 3-D digitizer and software for retrospective registration by surface matching. The method was applied to preoperative localization of superficial brain lesions and proved to have an accuracy of between 3 and 8 ram. This degree of accuracy enabled surgeons to use significantly smaller craniotomies than would have been advisable with conventional qualitative methods. We expect that this approach will ultimately lead to a reduction in operating time and, possibly, in postoperative morbidity.
Frameless stereotactic methodology is quite versatile and can provide interactive or real-time imaging guidance during a variety of local cranial procedures in addition to the one described in this paper. Our preliminary experiments ~ suggest that it can be used to implement CT-based radiation therapy plans by aiming the beam at the patient or positioning the patient under the beam with direct guidance from previously acquired images. We have also used the same device to perform image-guided electroencephalography. ~-2~ Scalp electrode positions were digitized and mapped onto MR imaging-derived 3-D models of the subject's brain surface. Then, a dipole representation of the underlying electrical source currents was mapped onto the same brain model. Finally, we showed how this frameless stereotactic method could be used for retrospective registration of radiographs with MR imaging data from the same subject? 4 For example, biplanar skull radiographs of an implanted subdural electrode array were used to map the electrodes onto the surface of a 3-D model of the same subject's gyral anatomy, derived from a pre-implantation scan. Traditional frame-based stereotaxy is more expensive and more inconvenient for both the patient and the physician. Therefore, it should be reserved for those procedures that require its superior accuracy (1 to 2 ram), such as the passage of probes through burr holes to small targets deep within the brain.
